Abstract. Cancer stem cells (CSCs) are considered to be the main cause of chemoresistance and the resultant low survival rate of patients with cancer. N-(4-hydroxyphenyl)-retinamide, known as fenretinide or 4HPR, is a synthetic derivative of all-trans-retinoic acid. It is a promising anticancer agent, has minimal side effects and synergizes with other anticancer agents to reinforce their anticancer efficacy. The present study investigated whether fenretinide eliminated colon sphere cells. HT29 and HCT116 cells incubated in low-serum culture medium were more sensitive to fenretinide treatment than those incubated in full-serum medium. Colon spheres formed in serum-free medium demonstrated stem-like characteristics. The percentage of cluster of differentiation (CD) 44 + cells was significantly higher in sphere cells compared with parental cells. Sphere cells also demonstrated increased tumorigenic ability in non-obese diabetic/severe combined immunodeficiency mice. Fenretinide inhibited the formation of colon spheres in HT29 and HCT116 cells. Microarray, cell cycle and reverse transcription-quantitative polymerase chain reaction analysis revealed that fenretinide induced genes associated with cell cycle regulation and the stress response in fenretinide-treated HT29 sphere cells. To the best of our knowledge, the present study was the first to investigate the effect of fenretinide on colon stem cells. Fenretinide was demonstrated to preferentially target colon sphere cells, which may possess certain stem-like characteristics. These results are an important addition to the current knowledge concerning fenretinide, and provide a foundation for its clinical application in the treatment of cancer.
Introduction
Despite continued research to identify novel antineoplastic agents, colon carcinoma remains the third most common neoplastic malignancy globally and one of the leading causes of cancer-associated mortality, due to its aggressiveness and resistance to therapy (1) . The majority of patients respond to the initial treatment and achieve clinical remission following chemotherapy, but a substantial proportion of patients develop chemoresistance and relapse within 5 years, leading to a low survival rate. Chemoresistance and the resultant low survival rate are thought to be associated with the presence of cancer stem cells (CSCs), which represent a rare population of undifferentiated cells that drive the growth of tumors, differentiating into a variety of cell types corresponding to the original tissue while maintaining the ability for self-renewal (2) .
Colon cancer stem-like cells were identified in 2007 (3) . Another characteristic of CSCs is their relative quiescence, which may endow CSCs with resistance to well-defined chemotherapies that predominantly target proliferating rather than quiescent cells. Resistance is also exhibited through a wide spectrum of activities, including DNA damage repair, altered cell cycle checkpoint control, and malfunction of apoptosis, drug transporters and detoxifying enzymes (4) . Therefore, one strategy for the treatment of chemo-resistant cancers is to develop an agent that selectively targets quiescent and drug-resistant CSCs (5) .
Retinoids are a class of natural and synthetic derivatives of vitamin A that exert effects on critical biological processes that include development, cell growth and differentiation, metabolism and homeostasis. They demonstrate anti-proliferative and cell differentiation activity in various cancer cell lines in vitro and in vivo, and are therefore promising candidates for the chemoprevention and treatment of certain types of cancer (6, 7) . However, their high degree of toxicity, which may reflect the broad biological responses mediated by retinoid receptors, is the main limitation for the clinical use of the
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retinoids available at present. N-(4-hydroxyphenyl)-retinamide (fenretinide, also known as 4HPR), a synthetic derivative of all-trans-retinoic acid, has emerged as a promising anticancer agent due to its distinct advantages over other agents for treating cancer, as demonstrated in numerous in vitro and in vivo studies, and chemoprevention clinical trials (8) (9) (10) . In addition to its efficacy against a wide range of types of tumor, fenretinide has minimal side effects and synergizes with other anticancer agents, reinforcing their anticancer efficacy (11) (12) (13) .
In the present study, sphere culture in serum-free medium was used to isolate tumor spheres from two human colon cell lines: HT29 and HCT116. The capacity for self-renewal, chemoresistance, and tumor initiation was then assessed in the tumor sphere cells. Fenretinide was demonstrated to preferentially target colon sphere cells, which are believed to possess certain stem-like characteristics. Transcriptome analysis of fenretinide-treated HT29 sphere cells was then performed to investigate the mechanisms involved, and a number of features associated with cell cycle regulation and activation of reactive oxygen species (ROS)-induced stress responses were identified. These results are an important addition to the current knowledge concerning of fenretinide, and provide a foundation for its clinical application in the treatment of cancer.
Materials and methods
Cell lines, cell culture and reagent. The human colon cancer cell lines HCT116 and HT29, obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China), were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; PAA Laboratories; GE Healthcare Life Sciences, Chalfont, UK). The sphere cells were obtained with similar protocol as illustrated in previous study (14) . Single HCT116 and HT29 cells were plated in ultralow-attachment plates in serum-free RPMI-1640 medium at a density of 5,000 cells/ml. The sphere-forming medium (SFM) was Dulbecco's modified Eagle's medium-F12 (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 2% B-27, 20 ng/ml epidermal growth factor (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 5 µg/ml insulin (Sigma-Aldrich; Merck KGaA) and 0.4% FBS (Ameresco, Inc., Framingham, MA, USA). Dissociated cells were seeded in SFM with or without fenretinide treatment, and the spheres were observed and photographed with an objective lens at magnification, x20 using an inverted microscope. All cells were incubated at 37˚C in a humidified atmosphere with 5% CO 2 . Fenretinide was purchased from Sigma-Aldrich (Merck KGaA) and dissolved in absolute ethanol.
Cell cycle and cell viability assay. For the cell viability assay, HT29 and HCT116 cells were incubated at 37˚C in 48-well plates at a density of 10,000 cells/well overnight in RPMI-1640 medium containing 10 or 0.5% FBS when comparing the sensitivity of colon cancer cells to fenretinide in normal or low serum levels, respectively, and were then treated with 6 µM fenretinide for 48 or 72 h. Fenretinide in absolute ethanol was used as the negative control. For cell cycle analysis, the trypsinized adherent cells were cultured for 48 h, then collected and fixed with 75% ethanol (v/v) for 24 h at 4˚C, stained with propidium iodide at the final concentration of 50 µg/ml for 30 min at room temperature and analyzed by flow cytometry using the FC500 flow cytometer (Beckman Coulter, Inc., Brea, CA, USA). HT29 and HCT116 cells were treated with the MTT solution (50 µl; 5 µg/ml in PBS) to each well and the plate was incubated for 3 h at 37˚C, following which the medium was replaced by 200 µl dimethyl sulfoxide. Cell viability was evaluated by measuring the absorbance optical density at 595 nm on a DU 800 spectroscopy microplate reader (Beckman Coulter, Inc., Brea, CA, USA). For sphere cell viability, the cells were cultured in SFM for 7 days as described in the cell culture methods. The sphere cells were then centrifuged at 600 x g for 5 min at room temperature and collected in a new 50 ml centrifuge tube, then 0.05% trypsin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was added for enzymatic dissociation. The sphere cells were incubated for 3 min at 37˚C, seeded in SFM in 48-well plates with 10,000 cells/well, and then treated with 20 µM fluorouracil (5-FU; Sigma-Aldrich; Merck KGaA) or 400 ng/ml epirubicin (EPB; Sigma-Aldrich; Merck KGaA) at 37˚C for 48 h. Concurrently, the parental HT29 cells were incubated in 48-well plates with 10,000 cells/well at 37˚C overnight in RPMI-1640 medium containing 10% FBS, and were then treated with 20 µM 5-FU or 400 ng/ml EPB for 48 h at 37˚C. Sterile normal saline was added into the plate as the negative control.
Cell apoptosis assay. For parental cell apoptosis assay, HT29 and HCT116 cells were seeded into 6-well plates (2x10 5 /well) and exposed to the fenretinide treatments with indicated concentration for indicated time. Absolute ethanol was used as the negative control. The treated cells were dissociated with 0.25% trypsin for 3 min at 37˚C, collected in BD falcon centrifuge tubes, washed with Annexin V binding buffer (BD Biosciences, San Jose, CA, USA) and centrifuged at 350 x g for 5 min. Washing and centrifugation was repeated twice. Then, the samples were incubated with 5 µl fluorescein isothiocyanate (FITC)-stained Annexin V antibody and 5 µl propidium iodide stain for 15 min at room temperature according to the protocol of the manufacturer of the Apoptosis Detection Kit (BD Biosciences; cat. no. 556547), and detected and analyzed by flow cytometry using the FC500 flow cytometer (Beckman Coulter, Inc., Brea, CA, USA). For the sphere cell apoptosis assay, the sphere cells from HCT116 and HT29 were cultured in SFM, trypsinized, and seeded into 6-well plates with 2x10 5 cells/well. Following treatment with 3 µm fenretinide, sphere cells were collected and centrifuged with 1,000 x g for 5 min at room temperature. Cell apoptosis was detected using a Fluorescein Isothiocyanate (FITC)-Annexin V Apoptosis Detection kit (BD Biosciences) according to the protocol of the manufacturer, and analyzed by flow cytometry. The total percentage of Annexin V + /PI -/+ cells was quantified and CXP Analysis software (version 1.0; Beckman Coulter, Inc., Brea, CA, USA) was used to analyze the apoptosis data.
Cell surface marker analysis. HT29 parental cells at 80% confluence were rinsed twice with PBS, released from the culture dish with 1 mmol/l EDTA (Sigma-Aldrich; Merck KGaA) for 10 min followed by 0.05% trypsin (Sigma-Aldrich; Merck KGaA) for 1 min, washed with RPMI-1640 containing 10% FBS, and harvested by centrifugation at 300 x g for 3 min at room temperature. Sphere cells from HT29 was cultured in SFM and obtained as described above. All cells were resuspended at 1x10 6 cells/ml in cold PBS buffer with 1% FBS (Ameresco, Inc.) for 5 min at room temperature and then stained with FITC-conjugated cluster of differentiation CD44-specific antibodies (BD Biosciences; cat. no. 560977) at a dilution of 1:400 for 30 min in the dark at room temperature. For investigating the difference prior and subsequent to fenretinide treatment for sphere-derived HT29 cells, sphere cells derived from HT29 cells were seeded into 6-well at a density of 2x10 5 cells/well. Sphere cells were treated with 3 µM fenretinide or absolute ethanol for 48 h. Cells were harvested, resuspended, and stained with CD44-specific antibody as described above. The cells were analyzed by flow cytometry using FC500 flow cytometer (Beckman Coulter, Inc.). The data were analyzed with CXP analysis software (version 1.0; Beckman Coulter, Inc.).
Subcutaneous model of tumorigenesis.
The animal experiments were approved by the Committee on Laboratory Animal Research of Shanghai Jiao Tong University (Shanghai, China), and were conducted according to the guidelines of the Laboratory Animal Center of Shanghai Jiao Tong University School of Medicine (Shanghai, China). Female non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice (6-8 weeks old, 25 g) were purchased from Shanghai SLAC Animal Center (Shanghai, China) and fed ad libitum in a sterile environment and a relative humidity of 40-70% at 25˚C in a 12 h light/dark cycle. A total of four mice were used to compare tumorigenic ability between HT29 sphere cells and parental cells. HT29 sphere cells (1x10 4 cells) were injected subcutaneously into the left inguinal area of each mouse and the same number of parental cells was injected into the right inguinal area of the same mouse. Tumor growth was monitored every 5 days, and the xenograft mice were sacrificed after 3 weeks when the tumor diameter of xenograft mice was >15 mm.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Cellular RNA was isolated using TRIzol ® reagent (Molecular Research Center, Inc., Cincinnati, OH, USA) according to the manufacturer's protocol. DNA was removed from the samples using DNase treatment (DNA-free kit; Ambion; Thermo Fisher Scientific, Inc.), and cDNA was synthesized according to the Moloney Murine Leukemia Virus Reverse Transcription kit (Promega Corporation, Madison, WI, USA). The sequence of the GAPDH primer was as follows: forward, GCA CCG TCA AGG CTG AGA AC; reverse, TGG TGA AGA CGC CAG TGG A, and these sets were used to produce a normalization control. qPCR was performed in triplicate with SYBR-Green PCR Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) and the 7900HT Fast Real-Time PCR machine (Applied Biosystems; Thermo Fisher Scientific, Inc.) with the following thermocycling conditions: 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min, and a final elongation step of 72˚C for 10 min, was used to perform the reaction. The expression levels of certain cell-cycle and stress-response associated genes, including cyclin E2 (CCNE2), cell division cycle 25A (CDC25A), E2F transcription factor 8 (E2F8), BRCA2, DNA repair associated (BRCA2), cyclin A2 (CCNA2), sestrin 2 (SESN2), transglutaminase 2 (TGM2), homocysteine inducible ER protein with ubiquitin like domain 1 (HERPUD1) and calmegin (CLGN) were assessed. GAPDH was used as a reference, and the 2 -ΔΔCq method was used to quantify the relative expression level of those genes (15) . Table I summarizes the forward primers and reverse primers of all other genes.
Microarray hybridization and data mining. Total RNA from HT29 parental and sphere cells was amplified and labeled with biotin according to the standard Affymetrix protocol as outlined by Lockhart et al (16) . The fragmented, biotinylated cDNA was then subjected to hybridization with the GeneChip Human Genome-U133 Plus 2.0 array (Affymetrix, Inc., Santa Clara, CA, USA) according to manufacturer's protocol. Analysis of the underlying biological mechanisms of the significantly differentially expressed genes was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID 6.7 version) Bioinformatics Resources database (17), with functional relevance assessed via Gene Ontology (GO) enrichment analysis (18) . Genes Table I . Forward and reverse primers of genes in reverse transcription quantitative polymerase chain reaction analysis. Forward primers  Reverse primers   CDC25A  GTTAGACGTCCTCCGTCCAT  AGACCTTTCCTTCCCAGGTT  CCNE2  GCATTATGACACCACCGAAG  ATTGGCTAGGGCAATCAATC  E2F8  CCGCAACAGAGATCAGAAAA  AAGTTCCTCTGCCACTTCGT  BRCA2  AGTGACCTTCCAGGGACAAC  GCCCATTGATGGCTAAAACT  CCNA2  GGAGCTGCCTTTCATTTAGC  TTGACTGTTGTGCATGCTGT  SESN2  GAGGACTTCACTCGGAGAGG  GCATGGCGATGGTATTGTAG  TGM2  CCAGAACAGCAACCTTCTCA  TCGTACTTGGTGCTCAGGTC  HERPUD1  TGGATTGGACCTATTCAGCA  CAGGAGGAGGACCATCATTT  CLGN AACCAATGGACCTGGAAGAG CTCCAGATCCTGTGCTCTCA CDC25A, cell division cycle 25A; CCNE2, cyclin E2; E2F8, E2F transcription factor 8; BRCA2, BRCA2, DNA repair associated; CCNA2, cyclin A2; SESN2, sestrin 2; TGM2, transglutaminase 2; HERPUD1, homocysteine inducible ER protein with ubiquitin like domain 1; CLGN, calmegin.
Gene name
that varied by >2-fold following fenretinide treatment in each sample were selected as the target genes, and mapped as Venn diagrams using VennyDiagram software (http://bioinfogp. cnb.csic.es/tools/venny/). The transcriptome profiles of HT29 enriched sphere cells treated with 6 µm fenretinide for 48 and 72 h and the unenriched cells treated with 3 µm fenretinide for 24 and 48 h were deposited in NCBI's Gene Expression Omnibus (GEO) and the microarray data are available at the GEO accession no. GSE66983 (19) . The similar concentration of fenretinide and treatment time are described in our previous study (14) . For data mining, a software package of Component Plane Presentation, Self-Organizing Map was implemented using Matlab 6.5 as described previously (20, 21) .
Statistical analysis. Data and photographs were analyzed and drawn with GraphPad Prism v5 (GraphPad Software, Inc., La Jolla, CA, USA). All data were expressed as the mean ± standard error of the mean. Statistical analysis was performed using Student's unpaired t-tests. P<0.05 was considered to indicate a statistically significant difference.
Results
Cells cultured in low-serum medium demonstrate greater sensitivity to fenretinide. The majority of CSC cells are in a quiescent state, which is why the majority of current chemotherapy regimens fail to achieve a cure. To evaluate the effects of fenretinide on quiescent cells, HT29 and HCT116 cells were cultured in serum-starvation conditions, which causes cell cycle arrest at the G0 phase and cell quiescence (Fig. 1A) . HT29 and HCT116 cells were incubated separately in low-serum medium and full-serum medium, and their viability was assessed using the MTT cell viability assay following treatment with 6 µm fenretinide for 48 or 72 h. Cells incubated in the low-serum culture medium were more sensitive to fenretinide treatment compared with those incubated in full-serum medium (Fig. 1B) . In the cell apoptosis assays, marked induction of apoptosis was observed oonly when HCT116 and HT29 cells were treated with fenretinide in low-serum medium (Fig. 1C) . These results indicated that the cells grown in low-serum medium demonstrated greater sensitivity to fenretinide.
Colon spheres formed in the serum-free medium demonstrate stem-like characteristics.
Previous research has demonstrated that CSCs generate three-dimensional spheres comprised of a small number of CSCs that have the ability to self-renew and generate spheres on serial passage, as well as progenitor cells capable of multi-lineage differentiation (22) . Sphere-forming assays are used to enrich CSCs in vitro as an operational surrogate for CSCs. Unsorted HCT116 and HT29 cells form spheres in SFM following 5 days of culture. Spheres with a diameter of 50-100 µm were observed ( Fig. 2A) .
CSCs are identifiable by their specific surface epitopes. Colon CSCs express the surface markers CD44 and CD133 (23) . CD44 has been demonstrated to be a putative marker of colon CSCs in tumor specimens and cell lines (24) . Therefore, the expression of CD44 was examined in HT29 parental and sphere cells. The percentage of CD44 + cells was increased in sphere cells compared with parental cells (Fig. 2B) .
CSCs are considered to be drivers of tumor initiation and progression. Accordingly, to determine the tumorigenic ability of sphere cells, their ability to grow subcutaneously in immune-deficient mice was analyzed. A total of 10,000 parental cells or sphere cells were injected into the inguinal area of NOD/SCID mice. Significantly increased initiation and growth of tumors were observed only in the inguinal areas injected with the sphere cells (Fig. 2C) . This result indicated the potent in vivo self-renewal and tumor-initiating capacities of spheres, which is consistent with the notion that CSCs drive tumor progression.
CSCs demonstrate resistance to a number of conventional therapies, which may explain why it is difficult to eradicate cancer cells completely and why recurrence is an ever-present threat (25) . To examine whether sphere cells retained CSC chemo-resistance, the sensitivity of sphere cells to fluorouracil (5-FU, Sigma-Aldrich; Merck KGaA) and epirubicin (EPB, Sigma-Aldrich; Merck KGaA), two first-line chemotherapeutic agents used to treat colon cancer, was assessed. The cell viability of the parental HT29 cells and the sphere cells treated with 5-FU and EPB was assessed. Marked inhibition of cell growth was observed only in the parental HT29 cells treated with fenretinide (Fig. 2D) . These results suggested that colon sphere cells mimic the status of colon CSC cells in this setting. Fenretinide preferentially targets sphere cells. Fenretinide has been demonstrated to preferentially eradicate acute myeloid leukemia (AML) and chronic myeloid leukemia (CML) stem cells, and CSCs in ovarian and breast cancer (9, 10, 14) . Therefore, it is necessary to investigate whether fenretinide can selectively target CSCs in colon cancer and disturb their ability for self-renewal. HT29 and HCT116 parental cells were insensitive to fenretinide (Fig. 1B) . However, when cultured under sphere-forming conditions, treatment with 3 µm fenretinide inhibited the sphere formation of HT29 and HCT116 cells (Fig. 3A) .
Marked induction of apoptosis was observed in HT29 and HCT116 sphere cells following treatment with 3 µm fenretinide for 48 h (Fig. 3B) . The percentage of CD44 + cells was the measured in HT29 cells treated with or without 3 µm fenretinide for 48 h. The percentage of CD44 + cells was lower in the fenretinide-treated cells compared with the corresponding control cells (Fig. 3C) . These results suggested that fenretinide is a potential candidate for eradicating colon CSCs, as it reduced the CSC population below the control levels and because the colon sphere cells were more sensitive to fenretinide compared to the cell lines. 
Microarray analysis of HT29 cells treated with fenretinide.
To identify the molecular mechanisms underlying fenretinide-induced apoptosis, microarray gene expression profiling of HT29 parental cells and sphere cells was performed. Parental cells were treated with 6 µm fenretinide for 48 and 72 h, while sphere cells were treated with 3 µm fenretinide for 24 or 48 h, as sphere cells are not able to survive when treated with ≥6 µm ferentinide or when treated with 3 µm for over 72 h. Total mRNA was extracted and profiled using a whole-genome array. To recognize the prominent features in the data, self-organizing map (SOM)-based clustering analysis of the top 5,000 regulated genes was performed. Genes were grouped into 13 clusters, and different changes in expression were observed at each time (Fig. 4A) .
The number of target genes in each sample is depicted in Fig. 4B . A total of 851 genes from the sphere samples that did not overlap with the parental cells were then selected for further analysis. These genes exhibited more prominent changes following fenretinide treatment, as depicted in Fig. 4C . To reveal the functional relevance of these specifically regulated genes in sphere cells, functional enrichment analysis was performed using DAVID and GO (26) . Significant processes associated with specific regulation of sphere cells treated with fenretinide were the cell cycle, DNA replication, cellular response to stress or stimuli, cellular regulation of protein ubiquitination and apoptosis (Fig. 4D) . Heat maps of these gene clusters are depicted in Fig. 4E .
Fenretinide induces genes that are associated with cell cycle regulation and stress-responsive activities. Cell cycle-associated genes were the most regulated clusters in the sphere cells. This indicated that the effect of fenretinide treatment on sphere cells was associated with cell cycle regulation.
Flow cytometry was used to analyze the cell cycle of HCT116 and HT29 sphere cells. The percentage of sphere cells at the G1 and G2 stages increased and the percentage in cells in S phase decreased following treatment with 3 µm fenretinide for 24 h (P<0.05; Fig. 5A ). This result indicated that sphere cell proliferation was inhibited by fenretinide.
Next, certain key genes involved in cell cycle regulation for were selected for RT-qPCR analysis. Compared with genes in the untreated cells, CCNE2, CDC25A, E2F8, BRCA2, and CCNA2 were downregulated following fenretinide treatment (Fig. 5B) . CCNE2 encodes cyclin E2, which belongs to the highly-conserved cyclin family. This cyclin forms a complex with and functions as a regulatory subunit of cyclin dependent kinase 2 (CDK2) and is involved in cell cycle G1/S transition. A significantly increased expression level of this gene is observed in tumor-derived cells. CCNA2 encodes cyclin A2, which binds to and activates CDK2 kinases, and thus promotes G1/S and G2/M cell cycle transitions. CDC25A is a phosphatase that is required for the progression from the G1 to the S phase in the cell cycle. It activates the cyclin-dependent kinase CDC2 by removing two phosphate groups. E2F8 regulates the progression from G1 to S phase by ensuring the nucleus divides at the proper time. BRCA2 is involved in the maintenance of genome stability, and its mutation confers an increased lifetime risk of developing cancer. These genes are essential for cell cycle control. Fenretinide preferentially downregulated these genes in HT29 sphere cells, which may inhibit cell proliferation and may account for the fenretinide-induced apoptosis.
ROS balance is important for normal cell function, and fenretinide is known to increase cellular ROS levels. Previous research has demonstrated that fenretinide-induced apoptosis is associated with the conversion of oxidative signaling into downstream stress activities, including the redox response, endoplasmic reticulum (ER) stress response/unfolded protein response (UPR), and proteasome activation mediated by certain key stress-responsive regulators (27) . The present study used RT-qPCR analysis to analyze certain key genes involved in stress-response regulation. The accumulation of unfolded proteins in the ER triggers the ER stress response. This response includes the inhibition of translation to prevent further accumulation of unfolded proteins, increased expression of proteins involved in polypeptide folding, known as the UPR, and the destruction of misfolded proteins by the ER-associated protein degradation (ERAD) system (28) . SESN2 encodes sestrin 2, which may be involved in cellular responses to different stress conditions. HERPUD1 may be involved in the UPR and ERAD. HEPRUD1 expression is induced by the UPR and has an ER stress response element in its promoter region, whereas the encoded protein has an N-terminal ubiquitin-like domain, which may interact with the ERAD system. This protein has been demonstrated to interact with presenilin proteins and to increase the level of amyloid-β protein when overexpressed (29) . TGM2 encodes transglutaminase 2, which is a monomer that is induced by retinoic acid, and may be involved in apoptosis. CLGN encodes a specific ER chaperone protein, calmegin. The observed upregulation of these genes suggested that significant antioxidative activity occurred in sphere cells following fenretinide treatment, and may partially explain why fenretinide preferentially targets sphere cells.
Discussion
CSCs are widely accepted to be crucial in cancer initiation, propagation, metastasis and relapse (30) (31) (32) . The residual CSC reservoir is correlated with the prognosis of patients (33) . Therefore, CSC-targeted strategies are likely to be effective interventions to increase the responsiveness to traditional therapeutic strategies, and to reduce the risk of local recurrence and metastasis. At present, substantial attention has been focused on the development of strategies to selectively eliminate CSCs in the hope of preventing the recurrence of cancer, and eventually curing the disease (5, 34, 35) .
Fenretinide has emerged as a promising candidate with chemo-preventive properties (9, 10, 14) . Clinical data have provided evidence that fenretinide significantly reduces the risk of secondary breast cancer in premenopausal women and may be able to eliminate cancer cells in the early stages. In vitro studies suggest that the anticancer activity of fenretinide may arise from its ability to induce apoptosis in tumor cells. A number of previous investigations have elucidated much about the apoptotic activity of fenretinide. Diverse signaling molecules, including ROS, ceramide and the ganglioside GD3, trigger the activation of cellular stress response pathways and mediate the induction of apoptosis by fenretinide in transformed, premalignant and malignant cells. In the majority of cell types, the apoptotic activity of fenretinide appears to be induced by mechanisms that are independent from retinoic acid receptor activation and ultimately initiate the intrinsic or mitochondria-mediated pathway of cell elimination. Multiple proteins, including various transcription factors and kinases, are responsive to stressful conditions in cells. Once active, these proteins determine cell fate through the initiation of apoptosis. Previous systematic detection of transcriptional changes in response to oxidative signals generated in leukemia cells following fenretinide treatment revealed the appearance of multiple stress-responsive events during fenretinide-induced apoptosis, including the redox response, the ER stress response/UPR, translation repression and proteasome activation (27) .
In the present study, colon spheres were demonstrated to form in serum-free medium with stem-like characteristics. The unique anti-CSC effects of fenretinide were stratified in a series of in vitro and in vivo experiments, fenretinide was demonstrated to exert a selective cytotoxic effect on HT29 sphere cells but not on their normal counterparts. Mechanistic studies provided insight into the effects of fenretinide in eradicating colon CSCs. Transcriptome analysis of fenretinide-treated HT29 sphere cells identified several features that highlighted the involvement of cell cycle regulation and activation of ROS-induced stress responses.
ROS are involved in the regulation of CSCs and confers resistance to radiotherapy. The ROS level in CSCs is low, which makes it difficult to eliminate them by traditional radiotherapy (36) . However, the low ROS levels in CSCs provide an opportunity to preferentially target CSC cells using ROS inducers, including fenretinide. Stress-responsive activities, including elevation of ROS levels in cells treated with fenretinide, may explain the selective effect on colon stem-like cells. However, further studies are required to improve understanding of the specific underlying mechanisms.
Fenretinide is a promising agent that is able to selectively target CSCs. Fenretinide does not induce point mutations or chromosomal aberrations and causes few adverse side effects, suggesting that fenretinide may be compatible for long-term use as a chemo-preventive agent (37) . Further investigations are warranted to gain improved insight into its specific functions and the underlying mechanisms.
To the best of our knowledge, the present study was the first to investigate the effect of fenretinide on colon stem cells. Fenretinide is a promising agent that is able to selectively target CSCs. Fenretinide preferentially targeted colon sphere cells, which are believed to possess certain stem-like characteristics. These results are an important addition to current knowledge about fenretinide, and provide a foundation for its clinical application in the treatment of cancer.
